I. INTRODUCTION
Cold nanodroplets ͑or clusters͒ of about 10 4 helium atoms have been shown to provide a weakly interacting, lowtemperature environment of 0.4 K for the formation and spectroscopy of unstable molecules.
1 Alkali-metal atoms picked up by a beam of helium nanodroplets remain on the helium surface where they "skate" around and form molecules in cold collisions. After the formation of molecules with large binding energy, this energy is released into the surrounding helium cluster and causes evaporation of helium atoms, one helium atom for every 5 cm −1 of energy. As a result, helium droplets loaded with weakly bound molecules are observed at larger abundance downstream in the helium cluster beam than droplets loaded with strongly bound molecules. Helium cluster isolation spectroscopy thus proved to be an ideal tool to study high-spin states of alkali molecules while suppressing the otherwise highly abundant low-spin states.
2 By now, there have been several studies of alkali dimers and trimers taking advantage of the high-spin selectivity of the helium droplet preparation method. The investigation of Li 2 ,Na 2 ,K 2 , and NaK on large helium clusters was reported in a feature article 2 including both a test of triplet-state potential surfaces and the observation of vibrational relaxation of excited states in the presence of the helium. Rubidium dimers in the 1͑a͒ 3 ⌺ u + state were excited on helium droplets and several absorption bands between 14 500 and 17 500 cm −1 were published. 3 Cesium atoms and molecules on helium nanodroplets were probed spectroscopically in the 11 000-13 000 cm −1 wave-number range. 4 Cs 2 triplet-state spectroscopy has recently received strong interest because of experiments with cesium in traps. Translationally cold cesium dimers were formed through photoassociation of spin-polarized cesium atoms in magnetooptical traps. 5 Molecular Bose-Einstein condensates were achieved from Cs atomic condensates 6 and triplet states may play an important role. So far, there are very little experimental data about cesium dimer triplet states converging to the 6s +5d and 6s +7s dissociation limits. In this paper we report laser spectroscopic investigations of cesium molecules on helium clusters between 14 500 and 17 600 cm −1 . Whereas the strongest absorption bands could be assigned to derive from the 1 3 ⌺ u + state as expected from the arguments above; there were also some Cs 2 1͑X͒ 1 ⌺ g + ground-state molecules on droplets reaching the laser excitation region in the apparatus giving rise to the observation of singlet-singlet and singlet-triplet transitions. Due to the low temperature of the helium environment, only the lowest vibrational state is populated in each case. This enables easy simulation of absorption spectra if the relevant potential curves are available. Our spectral simulations were performed by using the set of potential curves calculated by Spies and Meyer 7 in Hund's case ͑a͒. The direct comparison with experimental observation can be used as a guide to a more refined comparison with potential curves calculated in Hund's case ͑c͒. In the near future, this method will also be applied for heteronuclear alkali molecules stabilized on the cold helium droplet. 
II. EXPERIMENT
As in our previous spectroscopy of alkali molecules on helium, nanodroplets with an average size of a few thousand atoms were produced in a free jet expansion of helium gas with a stagnation pressure of 60 bars, a nozzle diameter of 5 m and a nozzle temperature of 17-20 K. In the Penn State cluster beam machine, nozzle cooling was achieved by using a liquid-helium cryostat. The beam passed through a 300 m skimmer was chopped, doped in a 5-cm-long pickup cell containing between 1.6ϫ 10 −4 and 2.0ϫ 10 −3 Torr of cesium vapor ͑cell temperature of 352-392 K͒, and entered the measurement chamber through a second skimmer. Compared to the pickup conditions for other molecules, the alkali partial pressure has to be fairly high because of a low capture cross section. 3 Excitation spectra were taken by crossing light beams from tunable cw dye lasers ͑Coherent 599 and 699͒ operating with Rh110 and Rh6G dyes of 250 mW at peaks and DCM dye with 200 mW power at peak emission. Only low resolution on the order of 0.5 cm −1 was required. So no etalons were used and for tuning, a stepping motor rotated the threeplate birefringent filter in the dye laser cavity. Laser power reaching the beam chamber was around 50 mW. Absolute wave numbers were measured with a Burleigh WA 1500 wave meter. Wavelength-integrated laser-induced fluorescence was collected and detected with a cooled photomultiplier and subsequent photon counting. Differential counting synchronized with the beam chopper helped us to distinguish nanodroplet-related spectra from possible gas-phase background absorption. Furthermore, spectrally resolved emission could be recorded using a 0.35 m spectrograph. Since all excitations of cesium molecules reported in this paper yielded only atomic Cs emission, we conclude that the excited levels were predissociated by some repulsive states.
III. RESULTS
According to the three different laser dyes used, three spectral regions were scanned and are depicted in Figs. 1-3 . The upper panels show the excitation spectra with a simultaneous monitoring of the laser intensity ͑in gray͒. The small vibrational spacings in the bands of the heavy diatomic Cs 2 were not resolved in any spectrum because of the heliuminduced line broadening. Dividing the recorded signal intensity by the laser intensity yields the normalized spectra in the lower panels of Figs. 1-3. We treated each maximum in the spectra as being associated with a symmetrical band structure to which a Gaussian band shape was fitted. These Gaussian curves are shown as shaded areas in the lower panels and a line is drawn as envelope to the added intensities at each wave number. This line follows the normalized spectra very closely as can be seen in the figures. In the range of wave Table II . The prominent feature in the center is believed to be due to the a
numbers above 17 000 cm −1 the density of states increases as it becomes obvious in the corresponding potential-energy diagrams in Figs. 5 and 6. Above 18 400 cm −1 , states may have contributed to the spectra that were not identified by us.
As in previous investigations, the intensities of the measured bands exhibit a different dependence on alkali partial pressure in the pickup cell if they belong to a different size of molecule. With rising temperature, the probability of picking up 1, 2, 3, or more alkali atoms with one helium cluster rises and the intensities of atom, dimer, and trimer spectra as functions of particle density in the pickup cell should follow Poisson distributions to the corresponding order. Because of overlapping spectra and changing size of the helium clusters with an increasing number of pickup events, this functional behavior is altered, but nevertheless, the intensity increase of atomic, dimer, and trimer spectra shows a distinctly different rise in the low pickup density regime. [2] [3] [4] In the same Penn
State helium cluster beam machine, atomic Cs 6s −7p excitations around 452.75 nm ͑22 087 cm −1 ͒ were measured 8 and their intensity dependence on pickup pressure was monitored. Among the investigated molecular bands of this paper, there are two that grow more slowly than the ones which we associate with dimer transitions. They are the bands depicted in Fig. 1 . Figure 4 shows the pickup density dependence of three measured band intensities representative for atoms, dimers, and trimers. The lower panels of Figs. 2 and 3 show dimer band assignments for the excited states and calculated band envelopes with dashed lines. The theoretical model calculations were performed by using the set of potential curves calculated by Spies and Meyer. 7 The states relevant for calculating allowed transition in the energy range covered by our experiments are shown in Figs. 5 and 6. Because of the fast relax- ation of the rotational and vibrational degrees of freedom of the molecules to the helium temperature, we assumed that laser light absorption occurred from the lowest vibrational level of either the lowest triplet or singlet states of the cesium dimer. The corresponding Gaussian wave function ͑sketched in Figs. 5 and 6͒ is then reflected 9 onto the different excited states producing the band spectrum,
where the width parameter w is defined as
and VЈ e ͑R 0 ͒ , , and are the slope of the excited-state potential at the position of the ground-state potential minimum R 0 , the frequency of the ground-state harmonic oscillator, and reduced mass, respectively. Constant C is proportional to the number density of the ground-state molecules N and the oscillator strength of the transition f. The results for the central position E 0 and band envelope half-widths w of allowed excitations from the lowest 3 ⌺ u + and 1 ⌺ g + states ͑traditionally labeled as a and X states͒ are given in Table I. Table II lists the centers and widths of the Gaussian fits to the measured bands, the comparison with the theoretical calculation in parentheses, and our assignments.
IV. DISCUSSION
The recent work by Bünermann et al. 4 covers Cs, Cs 2 , and Cs 3 spectra in the 11 000-13 000 cm −1 wave-number range, which includes Cs 2 transitions only below the 6s +6p dissociation limit. Our results presented in this paper are concerned with the higher energies of the dimer states that converge to the 6s +5d ,6s +7s, and 6s +7p͑6d͒ limits. The experimental investigations of cesium dimers have not been as comprehensive as, for example, on Na 2 , but there are some previous publications that present an excellent insight into the excited-state dynamics of Cs 2 in the energy range between 17 000 and 20 000 cm −1 . Amiot et al. 10 gave a comprehensive survey of all cesium dimer work up to 1987 and present potentials of six excited states from Fourier transform, Doppler-free polarization, and optical-optical doubleresonance spectroscopy. Kimura et al. 11 investigated in detail the interaction of the 2 3 ⌺ u + state ͑6s −6p͒ with the 2 1 ⌸ u and 2 3 ⌸ u ͑6s −5d͒ states depicted in the potential diagram in Fig. 6 .
According to the comparison of well-known alkali dimer spectra in free gas phase and on helium nanodroplets, 2 the helium-induced shift to the vibrational bands is not more than 5 cm −1 , whereas the broadening can be between 30 and 50 cm −1 . Therefore, it is clear that vibrational resolution could not be expected in our Cs 2 spectra. The absolute wavenumber positions of the measured bands, however, should not be influenced significantly by helium. In fact, our results can serve as a benchmark for new calculations of energy potentials. While in most helium cluster isolation experiments spectra of alkali dimers in the triplet manifold were observed, there have been a few examples of singlet-state spectroscopy. The early work on Na 2 on helium had provided
12 A prerequisite to this observation is the generation of large enough helium clusters and even then, the transition should be a rather strong one such as to compensate for the reduced number of "singlet-loaded" droplets arriving in the measurement zone. In the following, we will look into the displayed spectra.
A. 14 800-15 500 cm −1 " Figure 1… The two measured bands at 15 016 and 15 248 cm −1 grow more slowly with pickup cell pressure in the lowpressure regime than the other signals, which may serve as an indication that they belong to larger cesium molecules. They are in an energy range that is close to the 2 3 ⌸ u state with excitation from the X 1 ⌺ g + ground state. This normally forbidden transition gains transition moment through spinorbit interaction with 2 1 ⌸ u . Kimura et al. 11 calculated the maximum intensity for the 2 3 ⌸ u − X 1 ⌺ g + transition to occur around 16 800-17 200 cm −1 . If there were significant transition probability in the normal Franck-Condon region of 2 3 ⌸ u , the maximum should be around 15 700 cm −1 . In fact, Kim 13 observed absorption of Cs 2 X 1 ⌺ g + into 2 3 ⌸ u ͑1 u ͒ and ͑0 u + ͒ near 15 450 cm −1 by resonance-enhanced two-photon ionization spectroscopy in a cold molecular beam. The high wave-number end of Fig. 1 and observation of elevated spectral intensity around 15 680 ͑outside the depicted range͒ indicate that this forbidden transition may be present in our measurements. For the central region of Fig. 1 , however, we rule out any dimer bands.
B. 16 000-17 500 cm −1 " Figure 2… Apart from an unassigned weak broadband at 16 217 cm −1 , all bands could be assigned as dimer transitions. In some cases, the difference between calculated and measured intensity maxima may appear rather large. Therefore, we took other available potential data besides those of Spies and Meyer 7 where it is available. A very thorough analysis of a large set of spectroscopic data was presented by Amiot, et al. 10 Using their 2 1 ⌸ u potential, we arrive at an intensity maximum for the 2 1 ⌸ u − X 1 ⌺ g + band at 15 936 cm −1 while our calculations with the data of Ref. 7 yield 16 058 cm −1 and our measured band is centered around 16 002 cm −1 . As obvious from Fig. 2 , the intensity of our laser dropped off quite sharply at the red end of this band. It is quite likely that the band extends to smaller wave numbers. We conclude that this singlet transition is best described by Ref. 10 . The other prominent singlet transition in our spectra shows up around 17 561 cm −1 and is assigned as 2 1 ⌺ u + − X 1 ⌺ g + . Using potentials from Ref. 7 , its maximum should be at 17 471 cm −1 . Reference 10 yields 17 548 cm −1 which actually agrees with our better recording of this band in Fig. 3 within our measurement error ͑see below͒.
The strongest band of all is the one centered at 16 684 cm −1 belonging to the 3 3 ⌺ g + − a 3 ⌺ u + transition. The calculation deviates slightly in the position and significantly in its width, which refers to the slope of the excited-state potential. This band has been recorded by us with an excellent signal-to-noise ratio and should serve for an improvement of the corresponding calculated potentials.
The weak transition at 17 131 cm −1 is assigned as the normally spin-forbidden dissociative 2 3 ⌺ u + − X 1 ⌺ g + that gains intensity through interaction with 2 3 ⌸ u and 2 1 ⌸ u . According to Kimura et al., 11 the main intensity of the excitation from the X 1 ⌺ g + ground state into the three state systems 2 3 ⌺ u + ,2 3 ⌸ u , and 2 1 ⌸ u should be observed in the range from 16 750 to 17 250 cm −1 . While this would be in agreement with the broad spectral feature in our scan of Fig. 2 , the interaction between the various excited states may be altered from the free molecule case in the presence of helium. The prominent spectral feature in this scan range is due to the 2 1 ⌺ u + − X 1 ⌺ g + transition mentioned in the previous section. The signal-to-noise ratio is good enough to show that the maximum intensity lies at a somewhat lower wave number than the center of the fitted Gaussian curve. In fact, the maximum is very close to the 17 548 cm −1 derived from the data of Ref. 10 . The width is in reasonable agreement with the calculation. We conclude from this agreement with the excellent data available for this singlet transition that the influence of helium on band position and shape is as small as previously observed for Na 2 ,K 2 and NaK.
2 Two other bands in this wave-number range were assigned as excitations from the lowest triplet state, a 3 ⌺ u + , into rather high-lying states, 3 3 ⌸ g and 4 1 ⌺ g + , normally spin forbidden but in the neighborhood of many other potentials shown in Fig. 5 . There are no previous observations of these transitions. The calculated values in Table II deviate strongly as the widths of the bands are concerned. We believe that our measurements should be used to improve the potentials in this high-energy excitation region.
V. SUMMARY
The spectra of cesium-doped helium nanodroplets between 14 800 and 18 600 cm −1 show eight molecular band systems with significant intensity. While two of them are attributed to absorption by cesium trimers, six have been assigned to dimer transitions. Under our experimental conditions, not only triplet-state dimers on helium droplets arrived at the laser interaction zone in the beam machine but also a number of singlet-state dimers large enough to allow the observation of some well-known singlet transitions. Band envelopes were calculated by applying the "reflection formula" 9 to ab initio potentials for Cs 2 by Spies and Meyer. 7 In the case of singlet transitions, reliable experimental data from previous publications were available. Comparison with these data for the 2 1 ⌺ u + − X 1 ⌺ g + transition shows that the po-sition and width of the band envelopes are not altered by more than a few cm −1 due to the interaction with the helium nanodroplet. So we believe that especially our data on the excitation of 3 3 ⌺ g + ,3 3 ⌸ g , and 4 1 ⌺ g + should be used for comparison with new calculations of the corresponding potentials.
In heavy alkali dimers, there are numerous potential crossings and avoided crossings already at moderate energies. Our measurements in the regions of Cs 2 2 3 ⌺ u + ,2 3 ⌸ u , and 2 1 ⌸ u as well as our previous 3 and current works on Rb 2 and K 2 indicate that the interaction with helium may alter the spectroscopy and dynamics near the potential crossings. Systematic investigations as well as the inclusion of such interactions in the Hamiltonian are under way.
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